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Citizen science is an important and useful approach to research that broadens public
science engagement and expands the scale at which science can be conducted.
Monitoring for marine non-native species has been repeatedly identified as a venue for
citizen scientists to make substantial contributions. In this study, we evaluated the
accuracy of identifications made by volunteers of marine invertebrates on the project
Invader ID, hosted on the online citizen science portal Zooniverse. We tested the efficiency
and accuracy of invertebrate identifications made through consensus, where more than
one volunteer must agree on a final identification before it is added to the database. Using
the Matthew’s Correlation Coefficient, we found that four volunteers in consensus
balanced efficiency and accuracy when compared to gold standard scientist
identifications. Common, large taxa were identified most accurately; Branching Bryozoa
identifications made by four volunteers were 85% accurate, Solitary Tunicates 91%
accurate, and Colonial Tunicates 64%. In community-based comparisons, the identity
of the taxonomist (volunteer or scientist) had a small impact on overall community
composition, while site and salinity gradients had a strong impact on composition. We
suggest that citizen science monitoring programs focused on highly recognizable
taxonomic groups, or on a few species within those groups that can provide crucial
information for managers aiming to quickly identify new invasions. Moreover, long-term
assessments of composition could be successfully monitored by volunteers from
photographs, helping to bolster understanding of ongoing impacts of invasive species
or climate change.
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INTRODUCTION

Invasive species are a leading threat to biodiversity worldwide
due to difficulties in predicting species movements and the
understanding of future impacts (Stachowicz et al., 1999; Ruiz
et al., 1999; Bax et al., 2001; Ruiz et al., 2015). Tracking world-
wide movements of non-native species and monitoring
ecological impacts requires a coordinated network. However,
due to challenges presented by large-scale research efforts (Ruiz
et al., 1997; Stachowicz et al., 2002; Thiel et al., 2014), scientists
have increasingly begun to develop citizen science programs to
expand research capacity (Dickinson et al., 2010; McKinley et al.,
2017; Irwin, 2018). Citizen science, or involvement of the public
in collecting and analyzing scientific data, is an important and
useful approach to research that broadens public science
engagement and expands the scale at which science can be
conducted. Monitoring for non-native species has been
repeatedly identified as a venue for citizen scientists to make
substantial contributions (see Lodge et al., 2006; Delaney et al.,
2008; Cooper et al., 2014).

Citizen science projects can have numerous benefits, both for
participants and for researchers (Bonney et al., 2009; Conrad and
Hilchey, 2011; Walker et al., 2020). At a community level, citizen
science can help democratize science and make data more widely
available (Landström et al., 2019; de Sherbinin et al., 2021), and is
seen as an important element of tracking and attaining the United
Nations Sustainable Development Goals (Fritz et al., 2019). Citizen
science can also change individual behaviors (e.g. Santori et al.,
2021), increase scientific knowledge (e.g. Masters et al., 2016),
increase scientific literacy (e.g. Ballard et al., 2017), increase trust
in scientists and the research process (e.g. Masterson et al., 2019),
and raise awareness regarding environmental issues (e.g. Meschini
et al., 2021). Further, citizen science can expand spatial and
temporal resolution of samples (Pocock et al., 2014; Sun et al.,
2018), provide a cost-effective mechanism for collecting large
amounts of data (e.g. Theobald et al., 2015; Sousa et al., 2020),
and allow for inclusion of multiple knowledge sources, including
stakeholder and traditional ecological knowledge, in projects, into
research projects, questions, and methods (e.g. Carr and Ranco,
2017; Bonney et al., 2021).

The number and scope of citizen science continues to grow,
with projects run by universities, non-profit organizations, and
government groups (McKinley et al., 2017; Irwin, 2018). Studies
have found that when projects are well designed and volunteers
are appropriately trained, citizen science-based projects produce
high quality data that can be used for a wide range of purposes
(e.g. Kosmala et al., 2016; Brown and Williams, 2018), and there
is a long history of citizen science data being used as part of
major scientific studies (e.g. Cooper et al., 2014; Ries and
Oberhauser, 2015). Despite this, some remain skeptical of the
quality of data produced by citizen scientists (e.g. Aceves-Bueno
et al., 2017, but see response by Specht and Lewandowski, 2018),
largely related to concerns about levels of skill and experience
that volunteers might possess (Alabri and Hunter, 2010;
Dickenson et al., 2010). However, high data quality standards
and procedures are important across all research projects, not
Frontiers in Marine Science | www.frontiersin.org 2
only those that include citizen science data (Downs et al., 2021;
McCord et al., 2021), and many similar best practices can be
utilized to improve data quality regardless of the data collectors,
including proper training, use of standardized equipment and
protocols, and appropriate verification or vouchering procedures
(Kosmala et al., 2016; NASA, 2020; Downs et al., 2021).

In-person citizen science projects are common, and there are
many successful examples (e.g. the Front Range Pika Project,
Beever et al., 2010; Gardenroots, Ramirez-Andreaotta et al., 2015;
Coastal Observation and Seabird Survey Team, Parrish et al.,
2017; National Bat Monitoring Program, Barlow et al., 2015) but
they are often place-based, with participation limited to specific
region. Moreover, in-person ocean-based citizen science projects
often require access to the coast or specialized skills, which can
perpetuate issues of inequality and access to science (e.g. cultural
differences in swimming ability, high costs associated with diving
and boating) (Cigliano et al., 2015). Online projects have
increased the prevalence of citizen science (Jennett et al., 2016)
in part because improved technology has increased the scale at
which scientists can engage volunteers and quality of data
collection tools available to participants (Bonney et al., 2014).
Online citizen science is well suited to projects that are image or
photo-based due to the ease of uploading, sharing, and
annotating images, as well as the existence of photo-based
citizen science-focused platforms like iNaturalist (iNaturalist,
2021), eBird (Sullivan et al., 2009), eMammal (McShea et al.,
2016), and Zooniverse (Lintott, 2019). Additionally, virtual
photo-based projects give scientists the ability to gather data
without time constraints inherent to in-situ examination and
enable citizen scientists to participate at times and from locations
that are convenient to them.

Our online research project, Invader ID, is hosted by the
citizen science platform Zooniverse, which hosts nearly 100
active and 173 paused or finished projects that have
successfully engaged over a million volunteers worldwide
(Lintott, 2019). The Zooniverse platform helps facilitate online
projects by providing low barriers to entry, increasing the reach
of the project to their large user base, and aggregating
identifications and classifications to improve comparability
among volunteers and with scientists (Dennis et al., 2017).
Zooniverse projects such as Penguin Watch (Jones et al., 2018),
Snapshot Serengeti (Swanson et al., 2015; Swanson et al., 2016),
and Galaxy Zoo (Ponciano et al., 2014) have published resultant
data and reported on the volunteer data accuracy. As of July
2020, at least 250 publications have resulted from data gathered
on Zooniverse (Zooniverse Publications, 2020).

Ocean-focused citizen science projects are a minority and often
focus on popular, charismatic animals like whales and sharks
(Follett and Strezov, 2015; Cigliano et al., 2015; Sandahl and
Tøttrup, 2020). However, marine invertebrates are the base of
marine food chains and changes to the sessile invertebrate
community composition can be tied to major environmental or
biological changes, like warming climates, precipitation events, or
invasive species (e.g. Chang et al., 2018).The biofouling community
offers an accessible subject for citizen science projects; it is
unmoving, easily removed from the coast, does not require in-
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water access, and – most importantly – is one of the most critical
frontiers of marine non-native species (Ruiz et al., 2000). Citizen
scientists have contributed to a broad range of published and
unpublished aquatic invasive species research (Boudreau and
Yan, 2004; Delaney et al., 2008; Crall et al., 2010; Azzurro et al.,
2013; Zenetos et al., 2013; Scyphers et al., 2014; Maistrello et al.,
2016). We established the Invader ID project to monitor
invertebrate communities of coastal bays with a high potential for
invasive species to impact the balance of native species.

In this study, we assessed the accuracy of marine invertebrate
identifications made by volunteers in the Zooniverse project
Invader ID in comparison to identifications made by scientists.
We analyzed five years of data from marine invertebrate fouling
communities from San Francisco Bay, California by comparing
volunteer and scientist functional group identifications made
from photographs and two methods of community composition
measurements. We expected that large, conspicuous functional
groups like Solitary Tunicates and Branching Bryozoa would be
more accurately identified by volunteers from photos than taxa
with smaller features like Encrusting Bryozoa or locally rare taxa
like Anemones (Newcomer et al., 2019) but that due to the
abundance of recognizable taxa, community composition
analyses comparing volunteers to scientists would be similar.
We expected volunteers to easily agree on recognizable taxa, but
there would be fewer instances of volunteer consensus for less
common and more cryptic taxa.
MATERIAL AND METHODS

Based on experience developing citizen science projects with the
Smithsonian Environmental Research Center (SERC), and
supported by suggestions made in Kosmala et al. (2016), we
developed Invader ID with many opportunities for input from
volunteers. These opportunities included two volunteer focus
groups, two volunteer beta tests, and two in-house pilot launches
of Invader ID. The subjects of our study are photographs taken of
marine settlement panels deployed in a 20-year standardized
biofouling survey conducted by SERC’s Marine Invasions
Research Lab (e.g. Chang et al., 2018; Marraffini et al., 2017;
Tamburini et al., 2021). The citizen science component of this
study was developed only after testing the use of these
photographs by trained scientists (Newcomer et al., 2019). In
this study, we evaluated a subset of data collected by citizen
scientists to confirm accuracy against identifications made from
the same photos by our expert team.

Study Area and Field Methods
We deployed replicate settlement panels (n = 10) at ten sites
throughout San Francisco Bay, California, USA (37°42′30″N,
122°16′49″W) over a five-year timespan from 2012 through
2016. Settlement panels (hereafter “panels”) have been widely
adopted for invasive biofouling surveys (Sutherland, 1974; Bax
et al., 2003; Marraffini and Geller, 2015) and are ideally suited
for photographic analyses, as they offer a relatively small,
standardized, and flat area that is easily photographable. After
a three-month deployment period, panels were removed and
Frontiers in Marine Science | www.frontiersin.org 3
photographed with a Canon® EOS Rebel T5 camera. For more
details on field methods, see Newcomer et al. (2019). Of 100
panels deployed each year, we randomly chose 40 panels per year
(n = 200, across all years) for comparison.

Design of Citizen Science Project
We designed the project to identify the whole invertebrate
community of each panel, and assessed community composition
via point counts. This approach will enable us to monitor and
compare past and future community composition trends from
projects such as the Smithsonian’s biofouling survey. Moreover,
the colonial morphology of our target taxa precludes simple
“counting” that is common to Zooniverse photo projects (e.g.
Penguin Watch, Jones et al., 2018; Snapshot Serengeti, Swanson
et al., 2015; Swanson et al., 2016), so a point-count method better
estimates abundance of fouling organisms. See Table 1 for an
extensive explanation of terms.

Other citizen science projects have discussed the negative
impacts of identification fatigue or high cognitive load per task
(Ponciano et al. 2014; Hines et al., 2015; Jones et al., 2018).
Consequently, volunteers are only tasked with identifying one
point of the point count on an individual image. This decision
was also driven by feedback from volunteer focus groups who
provided feedback and insight in the early stages of project
development. For each settlement panel, we highlighted a single
point on a 7x7 grid (and one random point for n = 50 points total)
using image overlays of bullseye targets that did not obstruct the
taxa in the center (Figure 1). In this way, each panel appears in 50
photos in the dataset, with 1 of 50 points overlaid (n = 200 panels,
n = 10,000 photos). Analysis-ready images (i.e. overlaid with target
points) were prepared in R (R Core Team, 2021). We expected that
by presenting only one point per Zooniverse round, volunteers
could complete rounds faster and complete more rounds per login
session. Although other ecological Zooniverse projects require
more than one activity per round (e.g. counting, identifying all
present taxa, identifying ‘age’), those projects have familiar or
charismatic target species. Moreover, boring or difficult tasks can
reduce overall participation (Lewandowski and Specht, 2015;
Jennett et al., 2016). Based on input from our focus groups and
the unfamiliarity of our target taxa, we reduced the activities per
round to ensure that each task was as simple and straightforward
as possible.

Volunteer Identification
of Marine Invertebrates
Prior research on the reliability of species-level data collected by
citizen scientists (Lodge et al., 2006; Thiel et al., 2014) and from
photographs (Newcomer et al., 2019) informed our decision to
focus on higher level community analyses. Analyses using
functional guilds or Phylum-level resolution have been shown to
successfully detect impacts for studies of water discharge (Defeo
and Lercari, 2004) habitat differences in subtidal communities
(Pagola-Carte et al., 2002) or spatial variation in mangroves
(Chapman, 1998). We organized sessile fouling community
organisms into functional groups based on Newcomer et al.
(2019) and solicited feedback from volunteers. Functional
groups included in this study are Algae, Anemones, Barnacles,
April 2022 | Volume 9 | Article 862430
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Bivalves, Branching Bryozoans, Colonial Tunicates, Encrusting
Bryozoans, Solitary Tunicates, and Tube-Dwelling Worms. Other
sessile fouling organisms, such as kamptozoans and hydroids,
were not recorded due to the low likelihood of being visible on
panel photographs. Taxa guides were created for each functional
group, with example photos, drawn examples, and extensive notes
on physical appearance. Users were also able to narrow the
possible functional group list using major morphological
characteristics, akin to a dichotomous key, including texture
(hard or soft), attachment type (upright or flat), pattern (present
or not), and shape (‘balloon’, ‘tree’, ‘carpet’, ‘feather’, ‘shelled’,
‘tentacled’, ‘tube’, and ‘volcano’). These characteristics and names
were carefully chosen in collaboration with volunteers with varied
level of classification experience. Like other identification-based
projects on Zooniverse, we did not offer an “I don’t know” option,
as volunteers can underestimate their own ability to recognize
species and therefore “skip” many photos (Swanson et al., 2015;
Swanson et al., 2016). Since these taxa were most likely new to
many volunteers, we did not want to encourage self-doubt when
accuracy could be assessed and adjusted post-hoc.

Creating Consensus Among Volunteers
One benefit of the Zooniverse platform is widespread use of the
consensus method, which gathers identifications from many
users and compiles final identifications from the agreement
among volunteers. Photos appear to a set number of users and
are removed from rotation – called ‘retiring’ – when the pre-set
number of identifications have been completed. Photos can be
retired after an assigned number of people have made
judgements, though deciding how many users are needed to
Frontiers in Marine Science | www.frontiersin.org 4
create consensus differs among projects and tasks. After
reviewing results from other projects, we set a threshold of 10
classifications per subject before a subject is retired. Some
projects retire blank or blurry images more quickly (Penguin
Watch, Jones et al., 2018; Snapshot Serengeti, Swanson et al.,
2015; Swanson et al., 2016) but due to visual similarity between a
blank panel and some fouling taxa groups, we kept all photos in
rotation for 10 rounds of identification. We used this dataset to
determine the most efficient retirement method, which we will
use in future Invader ID projects.

A subset (n = 2,428 points, or roughly a quarter, and n = 24,186
volunteer identifications) of identifications were directly compared
between volunteers and project scientists to evaluate volunteer
accuracy by taxa, and to determine the agreement threshold
required to create a trustworthy consensus identification.

To determine the number of respondents needed to meet
agreement requirements, we estimated the probability of having
at least N volunteers match identifications over the number of
volunteers viaMonte Carlo resampling. In this method, we chose
thresholds of 2–5 agreements and calculated the number of
identification matches for each threshold as the number of
volunteers was increased from 1 to 10. This procedure was
repeated for 100 iterations where the order of volunteers was
randomized between iterations. The probability of matching
was determined by the proportion of 100 simulations where
identification matching occurred for each combination of the
identification threshold desired and number of volunteers
required to meet that threshold.

Many accuracy measurements are available to determine the
success of volunteer identifications and we chose to compare the
TABLE 1 | A record of Invader ID and Zooniverse specific terms with their definitions.

PROJECT TERM TERM DEFINITION

Panel A survey method used to sample the fouling community and evaluated using a 50-point point count, resulting in 50 Zooniverse subjects per panel.
Subject A single image in Zooniverse. The same as one point of the point count.
Responses Taxa identifications made by users, used to evaluate accuracy and create agreement.
Number of
Required
Responses

A variable number of total responses required per subject, increasing or decreasing the amount of effort needed from volunteers, and manipulated
to get higher accuracy.

Threshold of
Agreement

The number of responses needed to be the same taxa identification to create a Final ID.

Retirement When a subject has either met the number of required responses or garnered Taxa IDs to meet a Threshold of Agreement, the subject is removed
from the Zooniverse platform and retired as complete.

Agreement
Requirement

We are comparing different agreement requirements to determine the most accurate method using the lowest number of required responses. We
are comparing the requirements of a Simple Majority or a Threshold of Agreement (which is also a retirement method).

Agreement/
Final ID

An agreement between responses occurs when some agreement requirement is met, resulting in a final ID for each subject.

Simple Majority A method of determining the Final ID by finding the taxa with 50%+ of respondents saying the same taxa. The number of required responses to
increase accuracy will also be researched in this study.

True ID For a subset of all subjects, a gold standard database was created by professional parataxonomists who identify each subject with a True ID. It is
used to compare the Final IDs and define the accuracy of volunteer data.

Accuracy The proportion of Final IDs that are correct when compared to True IDs. Accuracy (0-100% should be high, ideally > 80%).
No Agreement A case where all responses per one subject do not meet the threshold of agreement. These subjects will be evaluated by scientists to receive a

Final ID. No Agreement cases should be low (ideally < 30%).
True Positive The number of correct taxa IDs for one taxa (e.g. responded Colonial Tunicate for a Colonial Tunicate).
False Positive The number of incorrect taxa IDs for one taxa (e.g. responded Colonial Tunicate for something that was not a Colonial Tunicate).
True Negative The number of correct non-IDs for one taxa (e.g. responded anything other than Colonial Tunicate for something that was not a Colonial Tunicate).
False Negative The number of incorrect non-IDs for one taxa (e.g. responded anything other than Colonial Tunicate for a Colonial Tunicate).
MCC Matthew’s Correlation Coefficient. A number (0-1) that reflects the ability of a Threshold of Agreement to increase the number of true positives and

true negatives over false positives and false negatives.
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results between two of these common methods: Threshold of
Agreement and a Simple Majority (SM). To evaluate the best
possible Threshold of Agreement, we also calculated the
Matthew’s Correlation Coefficient (MCC; Boughorbel et al., 2017;
Rosenthal et al., 2018; Chicco and Jurman, 2020). By comparing
these two methods we can better choose a) the method of
retirement – either the number of total respondents or the
number of respondents in agreement for photos on Zooniverse,
and b) what number of respondents or agreements are needed to
retire a photo. By reducing the number of respondents needed to
evaluate a picture, we can better use volunteer time tomaximize the
number of accurate identifications made by volunteers. Statistical
analyses were performed in the R statistical computing
environment (R Core Team, 2021).

The MCC uses a confusion matrix to determine accuracy of
responses at each possible threshold of volunteer agreement
(1-10 people agreeing on a single identification):

MCC =
TP � TN − FP � FN

ffip TP + FPð Þ TP + FNð Þ TN + FPð Þ TN + FNð Þ
where TP, FP, TN and FN refer to true and false positive, true
and false negative identifications.

The SM method evaluates the likelihood of a correct
identification if over 50% of respondents need to agree (1–10
Frontiers in Marine Science | www.frontiersin.org 5
people identifying one point). To identify the number of required
responses needed to increase the accuracy of the SM method, we
created a database of every possible combination of our volunteer
responses per subject for every possible number of respondents
(1-10). We then calculated the proportion of those combinations
that found an accurate Final ID if 50% of respondents needed
to agree.

To supplement this analysis, we evaluated points that
volunteers were unable to identify and explored if some
functional groups were more likely to cause disagreement than
others. To do this, we compiled two groups to compare with
Peterson Chi-Square tests: observed data of points that were
unable to reach volunteer agreement and the expected data of an
equal number of randomly selected points from the entire
dataset. We then compared the frequencies that each
functional group appeared in either group to determine if
some taxa were disproportionately represented in the observed
data than in their normal frequency from the expected data.

Community Composition Comparison
Between Methods
Once we evaluated the best methods for creating consensus on
invertebrate identifications per point, we used this data to
compare the community composition of each panel in San
FIGURE 1 | Example workflow of Invader ID from the online Zooniverse portal. Volunteers identify the taxa in the center of the black target (upper left of panel) using
the information provided from the identification key (top right). This panel will appear in 49 other iterations with the target moved along a 7x7 grid (see example in
bottom center of Figure) and one randomly placed location to create a 50-point count. Photo credit to the Smithsonian Environmental Research Center, Marine
Invasions Lab Fouling Survey.
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Francisco Bay. Although we expected that some percentage of
volunteer Final IDs may be wrong, we predicted that overall
community composition per panel might not be strongly affected
by a small proportion of incorrect identifications. To evaluate
community composition, we directly compared point count
measurements made by scientists from photos and those
identified via Invader ID.

Each panel analyzed in Invader ID was also examined from
photos by professional parataxonomists. Specific methodology of
this examination is included in Newcomer et al. (2019).
Individual organisms attached to the panel directly underneath
grid intersections were morphologically identified to functional
group, for a total 50 recorded points. Any sessile taxa under the
point were recorded.

Point counts were compiled from Zooniverse volunteer data
using the Final ID for each of 50 subjects per panel found using
the Four Agreed agreement requirement, developed above and
determined to be the most accuracy and efficient method. Some
subjects garnered two Final IDs due to two taxa directly atop
each other underneath the target, giving some panels > 50 points.
Two datasets – volunteer identifications and scientist
identifications – were compared using NMDS plots in R and a
PERMANOVA Analysis between point count method (Oksanen
et al., 2020). Dispersion affects were tested for non-significance
before analysis.

Due to QA/QC strategies on the 100,000 user identification
dataset, some user identifications were removed from analysis
(final dataset was n = 90,743, See QA/QC information in
Supporting Information). In order to be included in the
dataset, at least 30 of the 50 points available need to have
garnered final identifications by volunteers. Percent cover per
panel was calculated based on the actual number of points
identified using a total standardization. Future data could be
reuploaded to the Zooniverse stream to complete all 50 points,
however, studies have shown that the number of points is less
important than the number of photo replicates, and point-counts
with at least 25 points should be powerful enough community
measures (Pante and Dustan, 2012; Perkins et al., 2016).

Volunteer Interest
We compared the efficiency and cost of an entirely professional
program to the volunteer program used in this study. Using
volunteer participation data automatically collected by
Zooniverse (username and IP address), we also calculated the
‘interest’ levels of volunteers using the number of identifications
made per volunteer user, the number of times a user returned to
the project (repeat sessions), and the number of identifications
made per session and day.
RESULTS

Creating Consensus
Analysis of the many options to create a Final User ID resulted in
four potential consensus methods: 1) Four Users In Agreement
(Four Agreed), 2) Five Users in Agreement (Five Agreed), 3) a
simple majority from eight users (Eight Observers), and 4) a
Frontiers in Marine Science | www.frontiersin.org 6
simple majority of nine users (Nine Observers). An agreement of
four users is, on average for all taxa, up to 11% less accurate than
the other preferred methods, although it identifies a higher
number of individuals of each taxa group with up to 18%
more correct identifications, because the lower requirement of
agreement allows for more points gaining identifications. An
agreement of five users or a simple majority of nine uses are the
most accurate methods overall, but both simple majority
methods were much less efficient than agreement methods
(Figure 2). Few taxa were identified fairly accurately when
only one person identified (Solitary Tunicates 63% accurate),
but most were not (Supporting Information). All proposed
consensus methods improved accuracy for all taxa when
compared to one user identification.

According to simulations fit to the subset data, for agreement
between four people to be met in 100% of cases, each photo
should be shown to eight volunteers. For agreement between five
people, each photo should be shown to nine volunteers. More
than 50% of points would likely need only six users to view (for
four in agreement) or eight (for five in agreement; Figure 3). In
the simple majority method, a standard number of users are
shown each photo (eight or nine in our case), so the Four Agreed
or Five Agreed agreement method offers the chance to reduce the
effort needed from volunteers.

More taxa reached peak MCC – therefore balancing the
accuracy of volunteer identifications with the number of
identifications successfully reached – when four users agreed
(Figure 4). Some taxa reached their peak with five users in
agreement, but these taxa were much less abundant (Algae,
Sponges). Anemones, Bivalves, and Tube Dwelling Worms had
equal MCCs for four and five users agreed, though Anemones
should be carefully considered as only one anemone was in the
subset, and no volunteer users identified it. Due to the lack of
efficiency in simple majority methods and the results from the
MCC tests, we determined that Four Agreed was the most
effective method of volunteer agreement.

Volunteer Accuracy
For the common taxa (those with at least 100 points represented
in the sub sample), Branching Bryozoans (Four Agreed 85%, Five
Agreed 89%) and Solitary Tunicates (Four Agreed 91%, Five
Agreed 94%) were identified with high accuracy (Figure 2).
Other common taxa were identified correctly more often than
not; Colonial Tunicates, (Four Agreed 64%, Five Agreed 76%)
and Bare Space (Four Agreed 67%, Five Agreed 74%).

Comparisons of points where volunteers were unable to come
to consensus showed that there is a significant difference in the
type of taxa that volunteers were likely to disagree on. We
compiled scientists’ identifications for points that were unable
to reach consensus by volunteers to a random subset of
identifications. Volunteers disproportionately missed or
successfully identified different taxa compared to their expected
distribution at both the threshold of both Four Agreed
(c2 = 18.932, df = 7, p = 0.008) and Five Agreed (c2 = 18.925,
df = 8, p = 0.015). At the threshold of Four Agreed, volunteers
were more likely to disagree on a point when it showed a bare
point or a Barnacle. Volunteers did better than expected for
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Branching Bryozoans and Solitary Tunicates in particular. At the
threshold of Five Agreed, volunteers were still likely to disagree
on Bare points, but with the higher threshold of agreement
Colonial Tunicates and Algae were also more likely to not get
identifications. Solitary Tunicates remained identified better than
expected, as did Branching Bryozoans.

Community Composition
Although models predicted 100% agreement for Four Agreed
and Five Agreed, if at least eight or nine people viewed each
Frontiers in Marine Science | www.frontiersin.org 7
photo respectively, and in our dataset ten people viewed each
photo, a portion of photos did not reach consensus. For Four
Agreed, 721 of 9,115 points (7.9%) were unable to reach
agreement and for Five Agreed, 2,020 of 9,115 points (22.2%)
were unable to reach agreement.

Non-metric multi-dimensional scaling on 186 panels with at
least 30 points identified by volunteers (via the Four Agreed
Method) showed evident overlap between communities
measured by volunteers and scientists (R2 = 0.971, stress =
0.17, Figure 5). PERMANOVA analysis on the same dataset
FIGURE 2 | Accuracy (left) and efficiency (right) of the four proposed consensus methods and a single person. Accuracy shows the proportion of volunteer identifications
of each taxa that were correct. Efficiency shows the proportion of the actual total of each taxa correctly identified by volunteers. Graphs compare identifications made by
one volunteer, four people in agreement, five people in agreement, eight observers without regard to agreement, and nine observers. Four agreed (purple) and five agreed
(pink) are more efficient than eight observers (coral) and nine observers (yellow) but accuracy is somewhat variable between all methods. It is common that at least one of
the 10 people surveyed will identify each true identification (efficiency), but overall single person accuracy is more often worse.
FIGURE 3 | Probability (with 95% CL) of having the number of volunteers who need to identify each photo in order for an agreement of 2 (blue), 3 (purple), 4 (red),
or 5 (yellow).
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revealed that there is a significant difference between the
composition measured by each group, but that it accounts for
an extremely low percent of the variation in the dataset (Block:
Panel, r2 = 0.017, p = 0.001). The panel location in San Francisco
Bay had a much stronger impact on community composition
(PERMANOVA, r2 = 0.35, p = 0.001). Barnacles (1.97, -0.75),
Branching Bryozoans (-0.60, -0.75) and Solitary Tunicates (-0.48,
0.55) were responsible for most of the difference between
measurements (Figure 5) which reflects common functional
differences between invertebrate communities within San
Francisco Bay (personal observation, authors).

Volunteer Efficiency
Between 17 October 2017 and 2 January 2020 there were 4,089
individually identifiable online volunteers, with at least 200 more
potential unique users. Each user identified 1.76 points per
session on average (median of 1 identification per session). Per
identifiable unique individual, users returned on average for 1.76
sessions and completed an average of 23.4 points during the
study interval. A small portion of volunteers was responsible for
the vast majority of identifications, with 3% of all volunteers
Frontiers in Marine Science | www.frontiersin.org 8
identifying 63% of all points, and 115 people identifying 100 or
more points. The project gained an average of 146.87
identifications per day, with the official social media launch
week contributing the most identifications (Figure 6).
DISCUSSION

Our results from Invader ID show that volunteer identifications
of the biofouling community accurately reflect similar
measurements made by scientists. By utilizing the consensus
method, researchers can rely on the accuracy of identifications
made by volunteers. Volunteers were especially good at
identifying Branching Bryozoans and Solitary Tunicates,
suggesting that large and easily recognizable taxa are good
future subjects for citizen science research. Our community
analysis showed that although compositions recorded by
volunteers or scientists were significantly different, this had a
minimal overall impact on community composition when
compared to the panel’s location in the Bay. Very little
separation between volunteers and scientists existed on NMDS
FIGURE 4 | Peak Mathew’s Correlation Coefficient (MCC) reflecting the trade-off between accuracy (highest number of true positives) and false negatives as more
users are required to agree. Shaded area between two potential consensus methods of Four Agreed and Five Agreed.
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plots, suggesting that community composition measurements
were relatively similar between methods, despite strong site-
based variation. Because volunteers were often unable to come to
a consensus when a point was unoccupied (Bare), our research
also suggests that better user training to recognize Bare spaces in
particular could greatly improve the accuracy of community
analyses and further strengthen our citizen science program.

There is not a set standard for volunteer accuracy requirements
in citizen science, and any suggested standards would vary across
ecological systems and data uses (Lewandowski and Specht, 2015).
In our study, community composition measurements from photos
were shown to be comparable between scientists and volunteers;
however, some individual taxagroupswere frequentlymisidentified
by volunteers. We recommend future biofouling citizen science
Frontiers in Marine Science | www.frontiersin.org 9
projects to look at either whole community composition, or within
the highly accurate taxa groups (Solitary Tunicates and Branching
Bryozoans). Further researchonvolunteer accuracy among the taxa
groups that were rare in our study (e.g. Anemones, Bivalves,
Barnacles) is warranted to determine if infrequent taxa
occurrence impacted volunteer’s ability to recognize them.
Selecting the best consensus method, four people in agreement in
our case, depends on the priorities of each project, and evaluations
should incorporate both accuracy and minimizing the effort
required by volunteers.

For the purpose of this study, we assumed that gold standard
identifications were accurate and without error, though this is
unlikely (Barratt et al., 2003; Gardiner et al., 2012). Identifications
made from photographs inherently include some error, regardless
FIGURE 5 | NMDS plot of community measurements taken by volunteers and scientists (enclosures). Panel measurements are represented in triangles (volunteers)
and crosses (scientists).
FIGURE 6 | Volunteer identifications over time on Invader ID, the official public launch occurred in March 2018.
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of who is making the identifications (professionals or volunteers)
and we assumed that the identifications made in the gold standard
database are the “correct” identifications as they are likely the best
available. We recognize that the gold standard identifications may
include identification errors, as even amongst experts there may be
some disagreement and error.

This type of volunteer work allows scientists to focus on
project elements that require specific access or deep expertise,
like deploying panels and analyzing data, rather than processing
sample data. We believe that continued use of volunteer data will
help invasive species scientists track community-level changes
and expand their monitoring efforts to new sites. Besides the
benefits of volunteer efforts to increase the scope of this project
beyond the capacity of professional scientists, citizen science has
many other important societal benefits such as the potential to
increase scientific literacy, increase trust in science, and increase
the ownership of conservation issues by the public (Walker et al.,
2020). Additionally, virtual citizen science platforms and online
engagement expand access to participation for those with
different levels of physical ability or resources. Reducing the
amount of travel required to complete global monitoring
networks should be a priority of any conservation program,
and photo-based analysis could allow for local participants to
collect data for analysis by worldwide volunteers. This would also
open up opportunities for us to support community-developed
questions and focus on specific species of regional interest.
Invader ID, and online programs like it, provides the
opportunity for volunteers to better understand the scientific
method and research process, the best examples of which are
through direct communication on the chat boards with
invertebrate experts and through exposure to dichotomous
keys, morphology, and taxonomy.

Volunteer recruitment efforts could greatly increase the speed
at which subjects are identified through Zooniverse. Other
studies have shown that projects should pay more attention to
rewarding volunteer time, develop ways to become a useful or
fun resource for volunteers, and increase online interaction
between scientists and volunteers to increase participation
(Sullivan et al., 2009; Jennett et al., 2016). Moreover, the
chatboard gives volunteers the opportunity to check their
answers and not become frustrated with the project. We
therefore expect that increased activity on Zooniverse
chatboards, more useful online toolkits like identification maps
and record log books, and increased in-person interaction with
volunteers in classrooms would expand our userbase in
the future.

Our participation data shows that most of our volunteers try
Invader ID only once. Other studies also documented that the
most volunteer effort is short lived, often lasting for only one day
(Galaxy Zoo and Milky Way Project, Ponciano et al. 2014).
Online citizen science projects, including other Zooniverse
projects, typically have skewed participation, where a lot of
people participate a little (Jennett et al., 2016; Masters et al.,
2016). This is common to online projects because of the low bar
to entry. This participation level is therefore not disheartening,
but representative of the broad reach of Zooniverse platform.
Frontiers in Marine Science | www.frontiersin.org 10
Invader IDdata canbeused inmanyways. It can create temporal
models, track seasonality or settlement periods to identify the best
season to attempt an eradication, and create geographical maps of
taxa abundance, track phase shifts, or be used to narrow the search
for particular target taxa. Other citizen science programs have had
success identifying taxa to the species level if search lists are kept to a
limited number of easily identifiable species (See Thiel et al., 2014).
Target taxa, especially those species in groups we showed have high
user accuracy like Solitary Tunicates, Branching Bryozoans, and
Colonial Tunicates, could be tracked on the edges of their non-
native range (e.g. Solitary Tunicate Styela clava Herdman, 1881 in
Alaska, Branching Bryozoan Bugula neritina (Linnaeus, 1758) in
Alaska, Amathia verticillata (delle Chiaje, 1822) in California,
Colonial Tunicate Didemnum vexillum Kott, 2002 in Alaska) by
volunteers and flagged for early detection and rapid response
management. Furthermore, data gathered by volunteers on the
abundance of nuisance species like solitary tunicates, can be
important for fisheries planning, as such species have been
known to have significant economic impacts (Uribe and
Etchepare, 2002; Edwards and Leung, 2009). Finally, this type of
annotated time-lapse imagery can be employed as a training tool for
machine learning algorithms to automate data extraction.

The Invader ID pilot project has laid the foundation for a
large, online citizen science management network for the marine
biofouling community. With the confirmation of community
measurement accuracy, and the determination of the most
reliable taxa to further examine by species, we can now launch
our verified methods and protocols to new places. With a
repeatable field method in settlement panels, a proven
consensus method for volunteer identifications, and a network
of trained invasive species experts to identify species and
locations of interest, we believe Invader ID and citizen science
can greatly contribute to future non-native management efforts.
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